In this experiment a cast iron alloy consisting of 0.019, 0.151, 0.431, and 0.646% niobium by weight was set and the microstructure solidification of iron with lamellar graphite was provided. These alloys were subjected to an abrasion test and chemical analyses of the microstructure were done by using scanning electron microscopy (SEM) and energy dispersive X-ray spectrometry (EDS). In addition to this, phase compositions were characterised by X-ray diffraction (XRD). Tests of mechanical strength, hardness, and tension were also applied to the alloys. The results of this experiment demonstrated that the addition of niobium to iron with lamellar graphite caused an increase in the abrasion resistance by 15%. This experiment shows that adding niobium improves the mechanical properties of grey cast iron.
Introduction
More than 90% of the cast iron in industry consists of iron with lamellar graphite. High compression strength, high thermal conductivity, ability to isolate vibration, better machinability than other cast irons, good mould filling ability, and relatively low costs (lower than 20-40% of the cost of steel) are the main reasons for the extensive usage of iron with lamellar graphite in industries such as the automotive industry. Iron with lamellar graphite can be used as clutch covers and pressure plates in the automotive industry because of its good friction properties, as well as for engine blocks, brake discs, flywheels, cylinder sleeves, and piston rings [1] [2] [3] [4] [5] [6] . Lamellar graphite cast iron shows great strength and abrasion resistance when used as a cylinder sleeve [7] . To improve the abrasion resistance of cast iron, some early works describe various aspects of small additions of niobium (<0.5%) [8] [9] [10] [11] [12] . These works have found minor changes to the austenite stability, refining of graphite structure, very small precipitations of Nb(C, N), and so on. Some of these investigations were misinterpreted or misunderstood, possibly due to the lack of advanced measuring techniques such as high-resolution microscopy as well as an incomplete understanding of the basic thermodynamics. Therefore, in this study, the effect of the addition of niobium on the mechanical strength and abrasion resistance of grey cast iron was investigated.
Experimental Study and
Preparation of Samples Table 1 shows the chemical analysis of alloys A, B, C, and D, which were cast separately at 1450 ∘ C into sand moulds 150 mm high and 30 mm in diameter after being melted in a medium-frequency induction melting furnace. During casting, 0.1% strontium-based inoculation material was added to the cast. The chemical composition of the inoculation material is shown in Table 2 .
The samples were removed from the sand moulds at room temperature. Disc-shaped samples, 5 mm thick, were extracted and removed from the cylindrical samples using a water-cooled silicon carbide (SiC) saw (Figure 1 ). The surfaces of the samples were prepared by 600 grid SIC sandpaper for chemical analysis and then washed with alcohol and dried. The chemical analyses were done by SpectroMax LMF14 device in cast iron analysis mode. For the metallographic examination, samples were prepared using 180, 320, 600, 800, and 1000 grid SiC sand papers and polished 2 Advances in Materials Science and Engineering in a polishing device with 3 m-particle-sized diamond paste solution. Polished sample surfaces were washed with 98% pure ethyl alcohol and then dried.
Results and Discussion

SEM and EDS Analyses.
Sample surfaces were examined in back-scatter electron (BSE) mode using a Philips XL30/SFE SEM device. An EDS analysis was performed on areas flagged by the EDS analyser on the SEM device. Figure 2 shows the microstructure of sample A. It has a cast iron lamellar graphite microstructure and type A graphite morphology. The zones are indicated by circles in the related picture in sample A. The zones are analysed by EDS and it is confirmed that these zones have high amounts of Nb elements. Figure 3 shows the microstructure picture of sample B, taken by SEM. The related picture sample B shows the EDS analysis of the areas in red and it is confirmed that these areas contain 94.38% Nb and 5.62% Ti by weight. Figure 4 shows the SEM microstructure image of sample A magnified by 2500. The EDS analysis took place in the light-coloured triangular area and needle-shaped areas in the picture and it is confirmed that the light-coloured areas have high Nb concentration. The areas with high Nb concentration are spread like needles in the grey cast matrix structure. Figure 5 shows the SEM microstructure image of sample A magnified by 16000. As can be seen in the picture, the lightcoloured Nb particle zone seems to have the same altitude as the pearlite (Fe 3 C) structure in the matrix structure. Samples are exposed to abrasion during preparation and polishing. The pearlite phase and the phase with rich Nb concentration with a partially higher abrasion resistance can be seen to have different elevations.
XRD Results.
X-ray diffraction analysis was done using a Rigaku D-max 2200 and the results are shown in Figure 6 . The results of the phase analysis have proved the presence of niobium carbide and alpha iron (ferrite). A sample containing 0.641% by weight of niobium NbC phase was detected. In addition, FEC and FeCr structures have been identified. The hardness values of samples were measured, and the increase in hardness with increasing amounts of niobium, and likewise the increase in tensile strength of the structure, is thought to be due to the increased amount of NbC phase.
Abrasion Test and Results.
Abrasion testing was done using a tribometer from CSM, as shown in Figure 7 . Abrasion tests were performed on six different surfaces of the samples A, B, C, and D, which had been previously prepared for metallographic analysis. A load of 60 N was applied to the sample and the abrasion zone was adjusted to 12 mm. The wear tip moved at 15 mm/s and a WC tip was used as the sample abrasive. Abrasion tests were performed on six different surfaces of each sample, and the duration of each surface abrasion test was 10 minutes. In order to measure the sample's abrasion surface, the DEKTAK 8 VEECO smoothness indicator shown in Figure 8 was used. The surface topography of the sample was analysed with the surface profilometer. Hachure areas of 5 mm were hatched for 60 seconds under a 5 mg load by a diamond tip with a radius of 5 m. Every sample was subjected to 10 hachures with 1000 m spaces. Figure 9 shows the amount of abrasion of samples A, B, C, and D. All samples were subjected to the abrasion test six times. It was determined that sample A has the minimum amount of abrasion and the amount of abrasion decreases in inverse proportion to the increment of Nb in the sample.
Tensile Test and Results.
According to the EN 1561 grey cast iron standards, six tensile rods were made from each of the casting samples, A, B, C, and D. The tensile rods were processed to have radii of 10 mm and were subjected to tensile testing by Instron tensile device with a speed of 1 mm/min. The tensile test results are shown in Figure 10 . After the tensile test, it was found that B, C, and D had not changed while the tensile strength of sample A showed a slight increased. Also, the values of the tensile strength in sample A, a wider range showed. The reason for this, with the addition of niobium, which in the structure is relatively more hard than the increase of niobium carbide phase, may result in a slight increase in tensile strength.
Hardness Measurement and Results.
Brinell hardness measurement of the samples were done using hardened steel ball 10 mm in diameter according to the EN 10003-1 Brinell hardness measurement standards. During the hardness measurement, the force applied was 3000 kg. The hardness measurement results for the six measurements taken from each sample are shown in Figure 11 . The hardness measurement showed that the highest hardness value is measured in sample A and the lowest hardness value is determined in sample D. This situation is similar to the variation in the tensile strength; the hardness increased linearly with the increment of niobium. The hardening effect is thought to be related to the amount of niobium carbide phase formed.
Results and Discussion
It is determined that niobium added to the chemical composition of lamellar graphite cast iron is spread evenly over the microstructure. The high carbide production affinity of Nb causes a reaction with carbon, which produces niobium carbide. As a result, the abrasion resistance of grey cast material increases. There is a 15% difference in abrasion resistance between the sample without Nb in the structure and the other sample with 0.64% Nb (by weight) in the structure. Niobium addition caused an increase in the abrasion resistance values. Also a linear increase in the hardness and the tensile strength of grey cast samples took place when different amounts of Nb were added. As seen in the results of this study, the addition of niobium in grey cast iron, improved in the values of mechanical strength and wear resistance in particular. In the manufacture of brake discs and drums in the automotive industry, the use of niobium increases the service life of vehicles, because the lower amount of wear contributes towards reducing the consumption of raw materials and energy.
